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INTRODUCTION 


The  thermal  environments  of  concern  in  the  design  of  a  weapon  system  must  include 
the  entire  life  cycle  of  the  missile  (in  particular,  preflight,  captive  flight .  and  free  (light).  The 
storage  and  preflight  climatic  conditions,  if  not  considered  and  accounted  for.  could  cause 
deterioration  of  systems  prior  to  use  if  long-term  temperatures  were  excessive.  In  captive 
flight,  low  temperatures  are  experienced  during  long  duration  cruise  or  maximum  endurance 
flight  at  high  altitude.  Extreme  flight  conditions  of  this  nature  can  cold  soak  a  weapon  to 
levels  that  will  cause  performance  problems  with  such  components  as  electronics,  thermal 
batteries,  propellant  grains,  and  fuel  systems.  Maximum  skin  temperatures  in  captive  flight 
occur  during  a  supersonic  dash,  and  maximum  internal  temperatures  can  be  caused  by  long 
duration  flights  at  low  altitudes  and  high  subsonic  speeds.  Thermal  problems  associated  with 
hot  captive  flight  profiles  generally  involve  exceeding  the  temperature  limitations  of  internal 
electronic  components,  explosives,  and  solid  and  liquid  fuels.  The  powered  missile  in  free 
flight  can  propel  itself  to  high  Mach  numbers  for  long  enough  time  periods  to  cause  extreme 
aerodynamic  heating,  which  can  result  in  structural  degradation  of  the  airframe  as  well  as 
thermal  problems  in  the  propellant,  explosive,  fuzing  system,  guidance  section,  and  other 
components.  Trends  toward  higherMach  numbers  and  longer  range  have  made  internal  heating 
a  major  frec-flight  problem  in  current  and  planned  weapons  systems.  Additionally,  severe 
localized  heating  problems  can  be  caused  by  aerodynamic  interference  problems  generated 
by  both  conventional  designs  and  unusual  configurations  which  may  be  associated  with  ad¬ 
vanced  designs.  Accurate  knowledge  and  understanding  of  these  problem  areas  can  aid  in 
intelligent  design  for  solutions  to  the  problems.  Solutions  can  include  thermal  insulation, 
active  heating  and  cool'  ig.  and  selection  of  exotic  materials  that  w  ill  allow  the  design  to  sur¬ 
vive  and  operate  in  the  real  thermal  environment. 

Since  the  thermal  design  of  a  system  is  driven  by  the  definition  of  the  thermal  environ¬ 
ment-.  extreme  care  must  be  taken  in  the  identification  of  the  flight  profiles,  trajectories, 
and  model  atmospheres  which  make  up  this  environment.  Severe  penalties  in  terms  of  cost, 
performance,  and  reliability  of  a  system  can  result  if  the  design  thermal  environment  is  over- 
specified  or  underspecified.  An  overly  complex  design  increases  costs  and  lowers  reliability. 
Unnecessary  insulation  and  cooling/heating  can  lead  to  reduced  performance,  higher  cost, 
and  diminished  reliability.  On  the  other  hand,  underdesign  can  lead  to  failure  or  inability 
to  adequately  accomplish  the  mission.  In  every  weapon  program  at  the  Naval  Weapons 
Center  (NWO.  the  thermal  environment  had  to  be  determined  and  selected  before  the 
actual  thermal  analysis  of  the  weapon  system  was  started  and  even  before  specification  and 
requirements  were  established.  Much  of  the  effort  has  been  carried  out  piecemeal;  hence, 
previous  and  even  current  work  may  be  duplicated.  Thus,  a  systematic  compilation  and 
investigation  have  been  initiated  to  gather  in  one  place  all  the  preliminary  data  necessary  to 
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conduct  a  thorough  thermal  analysis.  Those  data  include  reasonable  extreme  atmospheres 
and  performance  characteristics  of  current  aircraft  that  could  carry  the  weapon.  Tor  a  specific 
weapon  it  will  always  he  necessary  to  determine  in  advance  how  (lie  weapon  system  being 
analyzed  will  be  used  (or  could  grow  ),  so  that  a  proper,  practical,  and  realistic  thermal  en¬ 
vironment  can  be  selected.  This  report  presents  an  overview  of  the  general  philosophy  and 
techniques  currently  in  use  at  NWC  for  this  purpose.  Details  of  the  specific  environmental 
areas  will  be  discussed  in  separate,  classified  documents 


MODEL  ATMOSPHERES 


Fundamental  to  all  the  thermal  environments  to  which  a  missile  may  he  exposed  is 
the  atmospheric  temperature.  In  addition  to  dependence  on  height  above  the  surface,  at¬ 
mospheric  temperature  is  a  function  of  meteorological  conditions  which  may  establish  a 
“hot"  or  “cold”  atmosphere  and  climatic  conditions  which  are  a  function  of  season  and  geo¬ 
graphical  location.  The  ambient  temperature  of  the  atmosphere  is  a  key  factor  in  computing 
the  recovery  temperature  which  drives  the  aerodynamic  heating  of  a  body  in  flight. 

Over  the  years,  a  number  of  “standard"  atmospheres  have  been  developed  to  satisfy 
a  need  for  standardization  of  aircraft  instruments  and  aircraft  performance.1'7  The  World 
Meteorological  Organization  defines  the  standard  atmosphere  in  part  as  follows:7 

“a  hypothetical  vertical  distribution  of  atmospheric  temperature,  pres¬ 
sure  and  density  which,  by  international  agreement,  is  roughly  representative 
of  year-round,  mid-latitude  condition  .  .  .  The  air  is  assumed  to  obey  the  per¬ 
fect  gas  law  and  hydrostatic  equation  which,  taken  together,  relate  temperature, 
pressure  and  density  with  geopotential  .  .  .  This  atmosphere  shall  also  he  con¬ 
sidered  to  rotate  with  the  earth,  and  be  an  average  over  the  diurnal  cycle, 
semi-annual  variation  .  .  .” 


1  Standard  Atmosphere  ■  Tables  and  Data  tor  Altitudes  to  6 A, 000  teet  1955.  (NACA  Report  12.15.  supersedes 
NACA  TN  31 82; publication  UNCLASSIFIED.) 

2  Air  force  Cambridge  Research  Center.  The  AKDC  Model  Atmosphere,  19S9,  In  R.  A.  Min/ner.  K.  S.  W.  Champion, 
and  H.  L.  Pond.  Al'CRC,  August  1959.  (Air  force  Surveys  in  C.eophvsics  No.  115.  AECRD-TR-59-267.  publication 
UNCLASSIFIED.) 

international  Civil  Aviation  Organization.  Manual  ot  the  ICAO  Standard  Atmosphere  Washington.  D.  I ..  II,  S. 
Government  Priming  Office.  1964. 

4 

International  Standards  Organization.  Draft  International  Standard  1973.  (ISO/DIS  253.  publication 
UNCLASSIFIED.) 

'United  Stales  Committee  on  Extension  to  the  Standard  Atmosphere  (  S  Standard  Atmosphere,  /9ft3.  Washing¬ 
ton  D  C.,  U.  S.  Government  Printing  Office.  1962 

” . .  I  S.  Standard  Atmosphere  Supplements,  19 66  Washington.  D.C  .  U.S.  Government  Printine  Office 

1967. 

7 . .  I  S  Standard  Atmosphere.  1976.  Washington,  D.C  ,  U.S.  Government  Priming  Office,  1976. 
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Tho  standard  atmosphere  currently  in  use  is  the  U.  S.  Standard  Atmosphere.  I97p.7 
This  atmosphere  differs  from  other  commonly  used  atmospheres  only  above  50  kilometers 
(about  164.000  feet)4  *5  or  above  32  kilometers  (about  105.000  feet).3  Below  86  kilometers 
(about  282,000  feet),  the  following  equilibrium  assumptions  apply: 

1.  Air  is  dry. 

2.  Air  is  homogeneous  (constant  mean  molecular  weight). 

3.  Air  is  a  perfect  gas:  P  =  pR*T/M. 

4.  Air  obeys  the  hydrostatic  equation:  dP  =  -gpdZ. 

(Definitions  of  the  symbols  and  values  of  the  pertinent  constants  are  listed  under  X'onwn- 
claturc  at  the  end  of  this  report.) 

It  had  long  been  recognized  that  somewhat  systematic  variations  in  atmospheres  exist 
due  to  geography  (latitude)  and  season.  These  variations  have  been  reasonably  well  defined 
in  the  lower  altitude  levels  of  interest  to  missile  designers  and  were  presented  in  a  supplement 
to  the  Standard  Atmosphere.  1966. 6  These  atmosphere  models  are  based  on  northern  hemi¬ 
spherical  data  but  are  probably  good  to  mid-latitudes  of  the  southern  hemisphere.  The 
seasonal  variations  at  the  equator  (latitude  0°)  are  minimal.  Thus,  the  atmosphere  model 
near  the  equator  (latitude  15°)  is  presented  only  as  an  annual  average.  Model  atmospheres 
for  higher  latitudes  (30°  N,  45°  N.  60°  N.  75°  N)  are  presented  for  winter  (January)  and 
summer  (July).  In  addition,  cold  and  warm  atmospheres  for  January  are  given  for  60°  N  and 
75°  N.  These  atmospheres  differ  from  the  winter  atmospheres  only  at  altitudes  above  about 
8.5  kilometers  (about  27,900  feet).  Not  enough  data  were  available  to  develop  an  arctic 
(latitude  90°  N)  atmosphere,  but  the  75°  N  atmosphere  should  be  a  close  approximation. 
Also  given  is  a  mid-latitude  spring/fall  atmosphere  which  is  the  same  as  the  standard  atmo¬ 
sphere  to  an  altitude  of  69  kilometers  (about  226.400  feet).  The  gravitational  accelerations, 
temperature,  and  pressure  at  sea  level  for  each  of  the  supplemental  atmospheres  are  given  in 
Table  I .  (An  update  and  extension  of  this  information  has  been  published.)8 

These  standard  and  supplemental  atmospheres,  however,  arc  average  conditions  and 
do  not  represent  the  extremes  that  can  occur  The  design  of  military  equipment  to  withstand 
and  operate  in  extreme  climatic  conditions  requires  calculation  of  system  temperature  re¬ 
sponse  in  atmospheric  conditions  that  are  extreme  rather  than  average.  Consideration  must 
be  given  to  simultaneous  use  of  both  realistic  conditions  and  conditions  which  result  in  an 
extreme  temperature  response  by  the  weapon  system.  The  background  to  the  recognition  of 
and  response  to  this  need  has  been  published.9  The  envelopes  of  extreme  temperatures  de¬ 
veloped  have  been  tabulated  in  MIL-STD-2  I0B.1 0 


*Allcn  I  .  Cole  and  Arthur  .1.  Kantor.  Air  i'orcc  Rct'crnnr  Uniusi'lwrrs.  28  1  Chilian  1978.  (At Cl  -TR-78* 
005  I .  publication  l'NC'1  ASS!)  H  O.) 

9 

N.  Sissenwine  ant!  R.  V.  Cormier.  Synopsis  of  Background  Material  for  MU  -STD-2 10R.  Climatic  I  xtn-m «■*  itn- 
Mil  it  art  h/ni/mcnt.  January  1974.  lAJCRI  -TR-74-0052.  publication  liNCI  ASSH  II  1).) 

'^Department  m  Defense.  Military  Standard  Climatic  l.Mrcmcs  tor  Mibtarv  Ttpn/mnnt  15  Deeemhei  |9"V 
(Mil  SI  D  2I0B.  publication  VNCL  ASSH  IFD.) 
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An  important  limitation  of  the  M1L-STD-210B  upper  air  temperatures,  and  one  that 
is  often  overlooked,  is  that  they  are  envelopes  of  world-wide  extreme  values.  They  are  not 
hydrodynamically  consistent  temperature  profiles  which  could  exist  at  a  given  place  and 
time,  as  is  the  case  with  the  standard  and  supplemental  atmospheres.  An  example  of  the 
widely  varying  locations  involved  is  shown  in  Figure  1  for  hot  and  cold  temperature  ex¬ 
tremes.  (Note  that  hot  temperatures  are  sometimes  associated  witli  “cold”  locations  and 
cold  temperatures  with  “hot”  locations.)  As  a  result,  the  MIL-STD-210B  envelopes  are  not 
intended  for  use  in  aerothermal  analyses  of  aircraft  and  missiles  traversing  large  altitude 
changes.  The  values  which  make  up  the  M1L-STD-2 10B  envelopes  represent  the  temperature  at 
each  altitude  which  has  been  equalled  or  exceeded  in  the  stated  pcrceritageof  the  hourly  tem¬ 
perature  readings  (191  for  the  recommended  operational  extremes)  during  the  most  extreme 
month  in  the  most  extreme  part  of  the  world.  A  comparison  of  the  Standard  Atmosphere 
with  the  1%  and  10%  M1L-STD-210B  atmospheric  temperature  envelopes  is  shown  in 
Figure  2. 

As  stated  previously,  the  report  of  footnote  10  recommends  that  the  1%  risk  he  used 
tor  temperatures  related  to  the  operational  environment.  The  practice  at  NWC  has  been  to  use 
the  10%  risk  for  operations  (except  where  lives  would  be  endangered),  as  the  1%  risk  is  consid¬ 
ered  too  severe  and  often  results  in  unacceptable  design  penalties.  In  any  event,  when  one 
selects  the  risk  to  be  assumed,  the  planned  use  of  the  weapon  system  should  be  considered. 
Fxtreme  care  should  be  taken  to  avoid  the  several-layered  combination  of  extreme  probabil¬ 
ity  conditions  and  yet  still  design  for  the  realistically  extreme  conditions  that  could  be 
encountered. 

In  addition  to  the  world-wide  air  environments  described  above,  envelopes  developed 
tor  extreme  naval  air  environments  have  taken  into  account  the  moderating  influence  of  the 
ocean.  A  comparison  of  these  atmospheric  profiles  with  world-wide  and  standard  profiles  is 
show  n  in  Figure  3.  A  summary  of  all  these  atmospheric  models  is  given  in  Table  2. 

Temperature  profiles  which  are  consistent  with  the  M1L-STD-2 10B  extremes  but  are 
suitable  tor  use  in  thermal  analyses  of  altitude  vary  ing  trajectories  have  been  developed  by 
die  Naval  Postgraduate  School.  Monterey . 1  1  _l  •'  This  task  was  approached  by  using  the  data 
•rom  which  the  extremes  of  M1L-STD-2  H)B  were  obtained.  An  example  of  the  data  used  to 
obtain  the  envelopes  of  MU. -STD-2  I  OB  is  show  n  in  Figure  4.  which  indicates  that  the  temper¬ 
ature  at  one  altitude  of  each  real  atmosphere  corresponds  to  one  point  on  the  M1L-STD-2 1  OB 
envelope  of  extremes.  Actual  temperature  profiles  which  contain  the  extreme  at  a  given  alti¬ 
tude  arc  averaged  to  give  a  profile  representative  of  that  extreme.  In  this  manner,  a  family  of 
temperature  profiles  is  generated,  each  containing  the  MIL-STD-210B  extreme  at  a  specific 
altitude.  The  analyst  may  then  select  the  real  atmosphere  with  an  extreme  at  an  altitude  of 
most  application  to  his  particular  study.  Fxamples  of  realistic  cold  and  hot  atmospheres 

Naval  Postgraduate  School.  Development  0/  Regional  Fxtrcme  .Model  Atmospheres  for  •Aerothermodynamie 
Calculations  til.  by  I  L.  Marlin.  Monterey .  (A.  NPS.  20  October  1972.  ( NPS-5 1  MR72 101  A.  publication  l  Ml  XSSI  I  II  l).| 

. ■  Dcrclpmem  of  Regional  ixtrewe  Model  Atmospheres  for  Aerothermodynamie  Calculations  III). 

by  I  l  Martin  Monterey.  (  A.  NPS.  I  July  1975.  ( NPS-5 1  MR 7 307 1  A.  publication  PNC't  ASS1I  II  H  I 

. ■  Oceanic  /•xtrenu  Model  Atmospheres  for  Aerothermodynamie  Calculations,  by  1.1.  Martin.  Mon¬ 
terey.  (A.  NPS.  1  NPS-5 1  MR  74091  A.  publication  I'NCl  ASSII  IKD.) 
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FIGURE  1.  Locations  Corresponding  to  MIL-STD-210B  1%  Temperature  Extremes. 
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FIGURE  3.  Standard  Atmosphere  Model  and  Envelopes  of  Naval  and  Worldwide  Atmosphere  Extremes, 


TABLE  2.  Summary  of  Standard,  Supplemental  and  E 


Altitude, 
km  (feet) 

Standard, 

•CCF) 

High 

1%.4 

"ern 

High 

s%: 4 
°crn 

High 

I0*.4 

°crn 

High 

20%," 

‘ern 

Low 

1%,4 

°ccn 

Lem 

ern 

Lou 

I  O'?  4 

cm 

Low 

2<n.° 

C  Of) 

Highest,4 

COT) 

Low  est* 
CCV) 

1 

Highest  | 
Naval.*7 

Ct  H 

Lowest 

Naval.4 

'COL) 

H 

11 

*C 

0(0) 

15  (59) 

49(120) 

46(115) 

45(113) 

-61076) 

-57(-70) 

•54(45) 

-51(40) 

58(136) 

48090) 

51(123) 

-381-37) 

sea  3: 

4 

1 (3281) 

8.5  (47) 

39(102) 

38(100) 

37(99) 

34(93) 

-55(47) 

-541-65) 

•53(43) 

-52(42) 

40(104) 

-56(49) 

34(93) 

-331-27) 

3 

2  (6562) 

2.0(36) 

29(84) 

27(81) 

26(79) 

25(77) 

42(44) 

-38036) 

-36(-33l 

-33(-27) 

31(88) 

47053) 

24(7? t  ; 

-34029) 

i 

4(13.123) 

-11  (12) 

16(61) 

13(55) 

11(52) 

10(50) 

46051) 

43(45) 

-39(-38) 

-37035) 

19(66) 

-51(40) 

14(57) 

41(42) 

t 

6  (19.685) 

-24  (-11) 

4(39) 

1(34) 

-1(30) 

-2(28) 

-55(-67) 

-521-62) 

-51(40) 

-48(-54) 

6(43) 

40(-76 1 

0(32) 

48054) 

-a 

8  (26.247) 

-37  (-35) 

•7(19) 

-11(12) 

-13(9) 

-14(7) 

-64(-83) 

-61078) 

4K-78) 

■591-74) 

4(25) 

441-83) 

-10(14) 

401-76) 

10(32.808) 

-50  (-58) 

-18(0) 

-23(19) 

-25(13) 

-26(-15) 

-71096) 

■69092) 

46(87) 

44083) 

-18(0) 

•721-98) 

-24(111 

-70094) 

11  (36.089) 

-56.5  (-69.7) 

fg 

12(39.370) 

-56.5  (-69.7) 

-27(-J  7) 

•32(-26) 

-33(-27) 

-37(-35) 

-72098) 

-70(-94) 

47(-89) 

451-85) 

-27(17) 

-771-107) 

-36033 ) 

-741-101 ) 

14  (45.932) 

-56.5  (-69.7) 

-34(-29) 

-37(-35) 

-38(-36) 

-40(-40) 

-770107) 

-760105) 

-750103) 

-73(-99) 

-34(29) 

-78(108) 

-351-31) 

-78(  109) 

■In 

16  (52.493) 

-56.5  (-69.7) 

-37(-35) 

-39(-38) 

-39(-38) 

-4(X-40) 

-860123) 

-850121) 

-840119) 

-830117) 

-35(31) 

-87(  125) 

-35'-3ll 

-870125) 

-3 

18(59.055) 

-56.5  (-69.7) 

-38(-36) 

-39(-38) 

-39(-38) 

-40(-40) 

-850121) 

-820116) 

-804-1 12) 

-790110) 

-34029) 

-851-121) 

20  (65.617) 

-56.5  (-69.7) 

-37(-35) 

-39(-38) 

-39(-38) 

-40040) 

-830117) 

-820116) 

-810114) 

-77(  103) 

-331-27) 

-83(117) 

22(72.178) 

-54.5  (-66) 

-3  7(-35) 

-38(-36) 

-39038) 

40(40) 

-850121) 

-840119) 

-830117) 

-790110) 

-36033) 

-851-121) 

24  (78,740) 

-52.5  (-62) 

-36(-33) 

-38(-36) 

-38(-36) 

-39038) 

-850121) 

-84(119) 

-830117) 

-820116) 

-31024) 

-850121) 

26  (85.302) 

-50.5  (-59) 

-34(-29) 

-36(-33) 

-37(-35) 

-37035) 

-850121) 

-840119) 

-830117) 

-82(1 16) 

-32026) 

-850121) 

28  (91,864) 

-48.5  (-55) 

-30(-22) 

-34(-29) 

-34(-29) 

-35031) 

-850121) 

-830!  17) 

-820116) 

-810114) 

-30022) 

-850121) 

30  (98.425) 

-46.5  (-52) 

-30(-22) 

-30(-22) 

-3K-24) 

-32(-26) 

-840119) 

-830117) 

-810114) 

-790110) 

-28(18) 

-85(1 21) 

“Envelope!  of  extreme  temperatures  taken  from  M1L-STD-210B  (Reference  10).  Not  internally  consistent  atmospheres  and  should  not  be  used  in  analyses  with  vary! 
^Internally  consistent  atmospheres.  Taken  from  U.S.  Standard  Atmosphere  Supplements  (Reference  6). 

“Same  as  standard. 
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N  and  Extreme  Atmosphere  Profiles.  (Note:  See  references  for  intermediate  points  in  case  of  supplemental  at  atmospheres.) 


1 

High 

l*,4 

°CCF) 

High 

5%.4 

°crF) 

High 

10%  4 

°C(“F) 

High 

20%  4 
°C(°F) 

Low 

\%,a 

cC(oF) 

Low' 

5%.4 
°C  (°F) 

Low 

10%, 4 
°CCF) 

Low 

20%  4 
C(‘F) 

15e  N 
annual.* 
“CfF) 

30'  N 
January* 

“crF> 

30°  N 
July* 
"C('F) 

i 

45'  N 
January/* 

rc  m 

45  N 
July  * 

'  C  r  F) 

Mid-latitude 
spring /fall,r 
CCb) 

1 

60c  N 
January,^ 
cCf  f) 

*i  33(92) 

31(88) 

30(86) 

29(85) 

-14(7) 

-10(14) 

-8(18) 

-6(21) 

17) 

48(119) 

46(114) 

45(113) 

43(109) 

-24(-30) 

-28(-l9) 

-25(-!4) 

-22(-7) 

29(85) 

15(60) 

31(89) 

0(31) 

23(74) 

15(59) 

-16(3) 

-i«( 

m 

33(91) 

32(90) 

31(88) 

31(88) 

-3K-24) 

-26(-15) 

-25(-13) 

-23(-9) 

23(73) 

12(54) 

22(72) 

4(25) 

18(64) 

85(47) 

-14(7) 

-14 

m 

24(75) 

23(73) 

22(72) 

22(72) 

-33(-27) 

-30(-22) 

-29(-20) 

-27(-17) 

16(61) 

9(48) 

16(62) 

-8(18) 

13(55) 

2(36) 

-17(1) 

-171 

3) 

12(54) 

10(50) 

9(48) 

9(48) 

40(40) 

-38(-36) 

EBB a 

-36(-33) 

4(40) 

-5(23) 

5(40) 

-17(1) 

0(33) 

-11(12) 

-251-14) 

-2S( 

*) 

-2(28) 

•3(27) 

-4(25) 

-4(25) 

47(-S3) 

41(42) 

531 

-38(-36) 

-9(15) 

-18(0) 

-7(20) 

-29(-21) 

-12(11) 

-24(-ll) 

-39(-38) 

■3* 

») 

•14(7) 

■15(5) 

•16(3) 

•16(3) 

-58(-72) 

-57(-7 1 ) 

•54(45) 

-53(43) 

-23(-9) 

3)  (-24) 

-21(4) 

41(43) 

-251-13) 

•37(-35) 

-53(42) 

-5* 

*> 

-27(-l7) 

-28(18) 

-30(22) 

-30(22) 

-69(-92) 

-65(-85) 

-64(83) 

-62(-80) 

-36(-34) 

44(47) 

-35  (-31) 

-53.5(44) 

-38(-36) 

-501-58) 

-56(49) 

-54 

-565(49.7) 

01) 

-39(-38) 

-40(40) 

.42(44) 

43(45) 

-73(-99) 

49<-92) 

-68(-90) 

-66(-87) 

-50(-58) 

-5  7(-7 1 ) 

491-56) 

-54.5(46) 

-51(40) 

-565(49.7) 

-56(49) 

54 

09) 

-37(-35) 

•381-36) 

-39(-38) 

40(40) 

-77(-107) 

-75(-103) 

-74(-101) 

-73(-99) 

-63(-82) 

42(-80) 

43(-81) 

-55.5(48) 

-5751-72) 

-565(49.7) 

-56(49) 

-SO 

35) 

-37(-35) 

-391-38) 

-39(-38) 

40(40) 

-86(  1 23) 

-84(-l  19) 

-83(-117) 

•82(1 16) 

-77(-)06) 

47(-89) 

-70(-94) 

-56.5(-70) 

-57.5(-72) 

-56.5(49.7) 

-57(-70) 

40 

•74(-101) 

-70(-94) 

46(46) 

-57.5(-72) 

-56(49) 

-56.5(49.7) 

-58(-72) 

40 

46(-87) 

45(-85) 

41  (-78) 

-58(-72) 

-54(45) 

-56.5(49.7) 

-59(-74) 

44 

•58(-72) 

40(-76) 

-571-71 ) 

-58(-72) 

-51.5(41) 

-545(46) 

40(-76) 

i«« 

•54(44) 

-56(49) 

-53(43) 

-58(-72) 

49<-56) 

-525(42) 

41(-79) 

40 

49(-57) 

•52(42) 

49(-56) 

-581-72) 

47(-52) 

-505(-59) 

41(-78) 

-70 

45(49) 

48(-54) 

45'49) 

-57(-71) 

43(46) 

48.5(-55) 

-59(-74) 

-71 

40(41) 

44(47) 

41(42) 

-56(48) 

-39(-39) 

46.5(-52) 

-571-71) 

-74 

m  with  varying  altitudes.  • 
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supplemental  at  atmospheres.) 


1 

45  N 
January,^ 
CCY) 

45  N 
July,6 

C  C  K) 

Mid-latitude 

spnng/fall.r 

C  <°F) 

60‘  N 
January,^5 
°C<CF> 

60°  N 
January 
(cold), 

°CVF) 

60'  N 
January 
(uarm),^ 
C(°b) 

60"  N 
July  6 
C(‘H 

75  N 

January,^ 

lCTF) 

1SC  N 
January 
(cold ).® 
Cr  F) 

75'  N 
January 
(warm).** 
CCV) 

75'  N 

July  6 

ecu 

1(89) 

Brolll 

23(74) 

15159) 

-16(3) 

-16(3) 

-16(3) 

15(60) 

-24(-l  1) 

-24(11) 

-24(11) 

6(42) 

K72) 

18(64) 

83(47) 

-14(7) 

-14(7) 

-14(7) 

10(49) 

-2K-6) 

-211-6) 

-2K-6) 

3(37) 

6(62) 

'Bfraill 

13(55) 

2(36) 

-17(1) 

-17(1) 

-17(1) 

4139) 

-22<-8) 

-221-8) 

-221-8) 

0(33) 

WO) 

-17(1) 

0(33) 

-1102) 

-25<-14) 

-251-14) 

-709) 

-331-28) 

-331-28) 

-331-28 1 

-1102) 

1*20) 

-291-21 ) 

-12(1  J) 

-24(11) 

-39(-38) 

-391-38) 

Enfnii 

-201-4) 

44(48) 

44(48) 

44<-i*) 

-241-12) 

IH-6) 

-*!(-*3) 

-25(-13) 

-371-35) 

-531-62) 

-531-63) 

-531-63) 

•341-29) 

-551-67) 

-551-67) 

-551-67) 

-37(-35) 

(St-3 1 ) 

-5331-64) 

-381-36) 

-501-58) 

561-69) 

-561-69) 

-531-63) 

-481-54) 

-591-74) 

-601-76) 

-54(-65) 

46(-52) 

-563(-69.7) 

»(-56) 

-5451-66) 

-51  (-60) 

-5631-69.7) 

-561-69) 

-561-69) 

-491-56) 

-481-54) 

•601-76) 

-631-82) 

-5K-60) 

44.5(48) 

3<-81) 

-55.5<-68) 

-5731-72) 

-5631-69.7) 

-561-69) 

-581-72) 

-491-56) 

-481-54) 

-621-79) 

-661-87) 

-511-60) 

43(45) 

KX-94) 

-5631-70) 

-57.5(-72) 

-56.5(-69.7) 

-601-76) 

-491-56) 

-48(-54) 

-631-82) 

■691-93) 

-511-60) 

43(45) 

W(-«6) 

-57.5(-72) 

-561-69) 

-5631-69.7) 

-621-80) 

-491-56) 

-481-54) 

-651-84) 

-721-97) 

■50.51-59) 

43(45) 

W-78) 

-58(-72) 

-541-65) 

-5631-69.7) 

-591-74) 

-641-83) 

-491-56) 

-481-54) 

-65.51-86) 

-731-99) 

4931-57) 

43(45) 

(71-71) 

-58(-72) 

-51.51-61) 

-5431-66) 

-601-76) 

-661-87) 

-491-56) 

481-54) 

-65.5(-86) 

-741-102) 

48.51-55) 

43(45) 

84*3) 

-58(-72) 

-491-56) 

-5231-62) 

-611-79) 

-681-90) 

-491-56) 

46(-52) 

-65.51-86) 

-751-104) 

4731-54) 

42(44) 

m-s«) 

-581-72) 

-471-52) 

-50.5(-59) 

-611-78) 

-701-94) 

-481-55) 

44(46) 

-65.5(-86) 

-761-105) 

4531-50) 

40(40) 

ISH9) 

-571-71) 

-431-46) 

-4831-55) 

-591-74) 

-721-98) 

-461-52) 

40(41) 

-65.51-86) 

-761-105) 

42.5(443) 

-38(-36) 

(«42) 

-561-68) 

-391-39) 

-4631-52) 

-S7C-71) 

-74(101) 

-441-48) 

-381-36) 

-6531-86) 

-761-105) 

-39.5(-39) 

-351-31) 

i 
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FIGURE  4.  Comparison  of  Cold  1%  Temperature  Profiles  With  MIL-STD-210B  1%  Atmospheres. 
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developed  in  this  investigation  are  shown  in  Figures  5  and  (>  A  tabulation  of  vertically  con¬ 
sistent  V!  extreme  temperature  profiles  developed  for  various  locations  of  the  world  is  con¬ 
tained  in  Table  3.  These  data  are  taken  directly  from  the  work  at  the  Naval  Postgraduate 
School.1  1 


PREFLIGHT  ENVIRONMENT 


The  temperature  achieved  by  a  missile  in  captive  (light  and  subsequent  free  (light  is  a 
strong  function  of  the  thermal  state  of  the  store  at  takeoff.  This  is  particularly  true  tor  com¬ 
ponents  with  large  thermal  mass  such  as  propulsion  systems  and  warheads  and  for  cases  in 
which  (light  time  is  relatively  short.  The  simplest,  and  often  adequate,  approach  is  to  use  a 
constant  initial  temperature.  For  several  years  the  temperature  extremes  of -65°  F  and  + 1 6()CF 
were  used  for  storage  and  preflight  conditions.  In  recent  years.  NWC  has  modified  these  limits, 
based  on  analysis  and  experiment,  to  the  more  realistic  values  of  -40°F  and  +I40°F  when  a 
constant  temperature  is  desired. 

When  possible,  the  expected  usage  of  the  system  should  be  considered  in  the  selection 
of  initial  temperatures.  For  example,  even  the  -40°F  and  +I40°F  limits  are  far  too  extreme 
for  a  system  that  is  intended  tor  aircraft  carrier  operations  only.  The  initial  temperatures 
should  be  consistent  with  the  model  atmosphere  being  used.  Extreme  low  temperatures  at 
high  altitude  do  not  occur  at  the  same  time  as  low  temperature  extremes  at  the  surface,  so 
it  would  be  more  appropriate  when  analyzing  a  high  altitude,  low  speed,  low  temperature 
soak  condition  to  start  at  0°F  rather  than  -40°F.  High  altitude,  high  air  temperature  ex¬ 
tremes  occur  over  the  Arctic  so  the  140°F  initial  temperature  would  not  be  appropriate. 

Worst  case  storage  conditions  could  be  expected  to  occur  with  the  missile  in  open 
storage.  Extreme  low  temperature  conditions  at  the  surface  usually  occur  for  a  long  enough 
period  that  the  missile  soaks  to  the  ambient  air  temperature.  (An  atlas  of  surface  tempera¬ 
ture  extremes  has  been  published.)1 4  ■' 5  The  high  temperature  storage  condition  is  much 
more  complex.  Hot  storage  conditions  are  dependent  upon  geographical  location,  type  of 
storage,  climate,  and  meteorological  conditions.  Perhaps  the  most  important  store  charac¬ 
teristic  influencing  the  store's  temperature  is  the  solar  absorptivity  of  the  surface  coating 
exposed  to  the  sun.  Ideally,  all  these  items  are  considered  in  a  probabilistic  sense  as  well  as 
a  weapon  usage  sense. 


I  4 

Paul  Tattclman  and  Arthur  J.  Kantor.  Allas  »i  Probabilities  *>/  Surface  Tempi  ratioc  I  uiciri  v  Pan  I  \orihern 
Hemisphere  16  April  1976  ( At  GL-TR-76-0084.  publication  UNCI  ASSII  II  l).( 

. .  Atlas  of  Probabilities  of  Sltrfan  Temperature  Pxtremes  Part  II  Southern  Hemisphere  (  \|  tit.-TR. 

77-0001.  publication  UNCLASSII  ItO.) 
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Lxtremc 

1%  cold 

20%  cold 

1%  cold 

10%  cold 

1%  cold 

1 0%  cold 

1%  cold 

10%  cold 

forcing  altitude,  km 

Surface 

Surface 

1.46 

1.46 

16.22 

16.22 

13.62 

13.62 

Month 

January 

January 

January 

January 

January 

January 

January 

January 

Location 

Altitude 
km  (feet) 

Ojmjakon, 

USSR 

Ojmjakon, 

USSR 

Ojmjakon, 

USSR 

Ojmjakon, 

USSR 

Singapore, 

Malaysia 

Singapore, 

Malaysia 

Singapore, 

Malaysia 

Singapore, 

Malaysia 

» 

Surface 

-61.3(-78.3) 

-55.4(-67.7) 

-56.0(-68.8) 

-51.2(-60.2) 

25.0(77.0) 

23.4(74.1) 

21.2(70.2) 

23.2(73.8) 

1.46  (4780) 

-35.6(-32.1) 

-38.0(-36.4) 

46.7(-52.1) 

43.9(47.0) 

17.6(63.7) 

16.9(62.4) 

1  7.6(63.7) 

16.9(62.4) 

1 

3.01  (9880) 

-32.5(-26.5) 

-30.7(-23.3) 

-32.8(-27.0) 

-31.6(-24.9) 

8.0(46.4) 

8.2(46.8) 

8.6(47.5) 

7.5(45.5) 

5.57  (18,290) 

-42.7(-44.9) 

-42.0(43.6) 

41.5(42.7) 

40.7(41.3) 

-6.8(19.8) 

-6.709.9) 

4.9(23.2) 

-6.9(19.6) 

-1 

9.36  (30,700) 

-60.3(-76.5) 

-58.8(-73.8) 

-59.8(-75.6) 

-57.6(-71.7) 

-33.0(-27.4) 

•33.2(-27.8) 

-32.9(-27.2) 

-33.6(-28.5) 

11.79(38,670) 

-56.7(-70.1) 

-56.6(-69.9) 

-56.3(-69.3) 

-54.9(-66.8) 

-56.6(-69.9) 

-55.5(-67.9) 

-58.0(-72.4) 

-57 ,4(-7 1 .3) 

13.62  (44,690) 

-55.4(-67.7) 

-55.8(-68.4) 

-54.4(-65.9) 

-53.9(-65.0) 

-70.8(-95.4) 

-69.K-92.4) 

-74.3M01.7) 

-72.3(-98.1) 

16.22  (53,225) 

-54.2(-65.6) 

-55.4(-67.7) 

-52.7(-62.9) 

-52.5(-62.5) 

-87.1(  124.8) 

-86.0(-122.8) 

-82.0(-l  15.6) 

-81.5(-1 14.7) 

4 

Rawinsondcs 

Twice 

daily 

T  wicc 
daily 

Twice 

daily 

Twice 

daily 

1200 

OMT 

1200 

GMT 

1200 

GMT 

1200 

GMT 

Altitude  of  surface 
(or  altitude  used),  km 

0.726 

0.726 

0.726 

0.726 

0.20 

0.20 

0.20 

0.20 

al\  L.  Martin.  Development  of  Regional  Extreme  Model  Atmospheres  for  Acrothermodynamic  Calculations  (II).  Naval  Postgraduate  School,  Monterej 


TABLE  3.  Vertically  Consistent  1%  Extreme  Temperature  Profiles  for  Various  Locations.0 

(Temperatures  in  °C  (°F)) 


10%  cold 

1%  cold 

10%  cold 

1  °k  hot 

10%  hot 

17c  hot 

10%  hot 

17c  hot 

10%  hot 

1 7  hot 

10%  hot 

1%  hot 

13.62 

13.62 

13.62 

Surface 

Surface 

1.46 

1.46 

Surface 

Surface 

3.01 

3.01 

3.01 

January 

January 

January 

July 

July 

July 

July 

July 

July 

July 

July 

July 

Singapore, 

New  Delhi, 

New  Delhi, 

Insalah, 

Insalah, 

Insalah, 

Insalah, 

Baghdad, 

Baghdad, 

Baehdad. 

Baghdad, 

Baghdad, 

Malaysia 

India 

India 

Algeria 

Algeria 

Algeria 

Algeria 

Iraq 

Iraq 

Iraq 

Iraq 

Iraq 

13.2(73.8) 

43.7(110.7) 

43.3(109.9) 

41.7(107.1) 

41.2(106.2) 

49.1(120.4) 

48.1(118.6) 

33.6(92.5) 

31.3(88.3) 

49.0(120.2) 

16.9(62.4) 

14.4(57.9) 

10.9(51.6) 

29.2(84.6) 

29.6(85.3) 

34.7(94.5) 

32.3(90.1) 

28.0(82.4) 

29.6(85.3) 

28.4(83.1) 

28.8(83.8) 

30.2(86.4) 

7.5(45.5) 

3.4(38.1) 

1.2(34.2) 

13.6(56.5) 

14.1(57.4) 

18.1(64.6) 

16.5(61.7) 

15.6(60.1) 

16.5(61.7) 

20.6(69.1) 

19.3(66.7) 

19.7(67.5) 

-6.9(19.6) 

-12.9(8.8) 

-14.6(5.7) 

-7.6(18.3) 

-7.6(18.3) 

4.6(23.7) 

-6.0(21.2) 

-1.6(29.1) 

-1.3(29.7) 

4.8(23.4) 

-2.4(27.7) 

0.2(32.4) 

J3.6(-28.5) 

-42.0(43.6) 

-37.3(-35.1) 

-33.0(-27.4) 

-33.K-27.6) 

-26.2(-15.2) 

-30.0(-22.0) 

-26.5(-l  5.7) 

-26.6(-l 5.9) 

-25.7(-14.3) 

-26.6(4  5.9) 

-25.5(-13.9) 

!7.4(-71.3) 

-58.1(-72.6) 

-S5.5(-67.9) 

-52.6(-62.7) 

-5 1.1  (-60.0) 

44.1(47.4) 

47.6(-53.7) 

44.8(48.6) 

45.4(49.7) 

46.4(-51.5) 

46.1  (-5 1.0) 

44.2(47.6) 

12.3(98.1) 

-70.7(-95.3) 

-68.3(-90.9) 

-63.8(-82.8) 

-61.5(-78.7) 

-55.0(-67.0) 

-56.9(-70.4) 

-56.8(-70.2) 

-57.8(-72.0) 

-60.3(-76.5) 

-59.7(-75.5) 

-56.5(-69.7) 

11.5(1 14.7) 

-71.6(-96.9) 

-74.5(-102.1) 

-71.4(-96.5) 

-69.7(-93.5) 

-64.4(-83.9) 

-66.5(-87.7) 

-69.2(-92.6) 

-71.8(-97.2) 

-77.2(407.0) 

-75 .5(-l  03.9) 

-70.8(-95.4) 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

GMT 

GMT 

GMT 

GMT 

GMT 

GMT 

GMT 

GMT 

GMT 

GMT 

0.20 

0.28 

0.28 

0.28 

0.28 

1 _ 

0.15 

i 

0.15 

0.15 

0.15 

0.15 

School,  Monterey,  CA,  1  July  1973. 
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Locations.0 


hot 

io%  hot 

V'c  hot 

10%  hot 

1%  hot 

10%  hot 

19c  hot 

10%  hot 

1%  hot 

10%  hot 

rface 

Surface 

3.01 

3.01 

3.01 

3.01 

5.57 

5.57 

9.36 

9.36 

uly 

July 

July 

July 

July 

July 

July 

July 

July 

July 

thdad. 

Baghdad, 

Baghdad. 

Baghdad, 

Baghdad, 

Baghdad, 

New  Delhi, 

New  Delhi, 

New  Delhi, 

New  Delhi, 

*q 

Iraq 

Iraq 

Iraq 

Iraq 

Iraq 

India 

India 

India 

India 

(120.4) 

48.1(118.6) 

33.6(92.5) 

31.3(88.3) 

49.0(120.2) 

46.8(116.2) 

28.0(82.4) 

31.6(88.9) 

27.6(81.7) 

31.2(88.2) 

(82.4) 

29.6(85.3) 

28.4(83.1) 

28.8(83.8) 

30.2(86.4) 

30.7(87.3) 

22.7(72.9) 

24.4(75.9) 

24.3(75.7) 

24.7(76.5) 

(60.1) 

16.5(61.7) 

20.6(69.1) 

19.3(66.7) 

19.7(67.5) 

'  o.6(65.5) 

13.7(56.7) 

13.4(56.1) 

14.3(57.7) 

14.2(57.6) 

(29.1) 

•1.3(29.7) 

4.8(23.4) 

-2.4(27.7) 

0.2(32.4) 

-3.7(25.3) 

1.2(34.2) 

0.5(32.9) 

-0.6(30.9) 

-0.4(31.3) 

(-15.7) 

-26.6(-l 5.9) 

-25.7(-14.3) 

-26.6(45.9) 

-25.5(4  3.9) 

-26.6(45.9) 

-34.8(-30.6) 

-23.7(40.7) 

-20.6(-5.1) 

-22.01-7.6) 

(•48.6) 

-45.4(49.7) 

46.4(-51.5) 

46.1  (-5 1.0) 

44.2(47.6) 

44.6(48.3) 

49.3(-56.7) 

45.6(-50.1) 

41.8(43.2) 

43.5(46.3) 

(-70.2) 

-57.8(-72.0) 

-60.3(-76.5) 

-59.7(-75.5) 

-56.5(-69.7) 

-56,6(-69.9) 

-65.7(-86.3) 

-60.4(-76.7) 

-56.8(-70.2) 

-58.31-72.9) 

(-92.6) 

-71.8(-97.2) 

-77.2(407.0) 

-75.5(403.9) 

-70.81  95.4) 

-71.7(-97.1) 

-79.6(-l  11. 3) 

-75.1(-103.2) 

-75.4(-103.7) 

-74.9(402.8) 

too 

1200 

0000 

0000 

1200 

1200 

Twice 

Twice 

Twice 

Twice 

MT 

GMT 

GMT 

GMT 

GMT 

GMT 

daily 

daily 

daily 

daily 

15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.22 

0.22 

0.22 

0.22 
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The  storage  problem  is  actually  a  very  complex  analytical  problem  and  has  been  con¬ 
sidered  m  many  investigations  at  NWC.16'20  It  has  been  possible,  however,  to  develop  a 
relatively  simple  calculative  technique  tor  predicting  the  temperature  of  a  store  as  a  function 
of  time  of  day.  This  technique  has  been  verified  by  experiment.- 1  Briefly,  the  method  in¬ 
volves  an  energy  balance  between  the  solar  radiation,  the  long-wavelength  radiation  ex¬ 
change  with  the  atmosphere  and  surroundings,  and  the  convective  heat  transfer  between  the 
body  and  the  air.  The  amount  of  incident  radiation  absorbed  by  the  body  is  controlled  by 
the  solar  absorptivity,  which  is  dependent  on  the  surface  properties.  It  is  particularly  dif¬ 
ficult  to  assign  an  accurate  value  to  this  parameter. 


The  energy  balance  may  be  represented  by  the  following  equation: 


9  ,  +  a  q  +  h(T  -  T  ) 

L  atm  s  solar  r  skin 


oe T4,  . 
skin 


where 


“Hlatm 


asllsolar 

h(Tr  -  rskin) 

oe T4  . 
skin 


=  atmospheric  radiation 
=  solar  radiation 
=  convective  heat  transfer 
=  heat  output  due  to  radiation 


Details  of  these  definitions  may  be  found  in  the  Nomenclature. 

The  solar  absorptivity.  as.  is  available  for  some  materials  and  finishes  but  varies  with 
age.  condition,  and  other  undefinable  factors.  The  heat  transfer  coefficient,  h.  can  be  calcu¬ 
lated  by  conventional  techniques  and  is  used  as  an  average  local  value  which  is  dependent 
upon  wind  speed.  Minimum  wind  is  assumed  in  order  to  obtain  the  extreme  conditions.  The 
value  is  usually  2  to  ?  Btu  ft--hr-T.  The  atmospheric  radiation.  qa(m.  is  assumed  to  be  a 


lh\aval  Weapons  Center.  Computer  Prediction  »/ 'On! nano  Slnraxe  Ti  ni/u  raittrc.  b>  ('  I  Markarian.  (’Inna  l  ake. 
(  A.  NWC.  24  I  ebruarv  1976.  (NWC  Memo  Ree.  4061-8-76.  publication  l  NCLASSII  |1  D.) 

1  . .  '/In  rinal  Modeling  of  a  Missile/Missile  Container  System.  b>  VI.  I  .  I  cc  (I  line).  Clun.i  I  ako,  C A.  NWC. 

In  .lantMiy  1 97. 5.  i\\V(  Memo  Ree.  41161-29-7.7.  publication  l  NCI  ASSII  II  IU 

.  f  vofiilio"  of  the  \  ItY  n.  rural  Standard.  Van  Ifit-lttation  arid  /  lallratitm  ot  tht  Th  mal  Standard  in 

the  I  n  IU.  ;>>  K  I)  I  hull .  ind  It.  C.  Schaler.  China  I  akc.CA.  NWC.  Mat  1977  <  N  W  C  I  P4KJ4.piibiical  ion  l  N<  I  \SSII  It  |).l 

'  .  HARM  Storage  lemfuraliocs.  In  H  VI  Ryan.  <  Imi.i  lake.  04.  \W(  ,  4  March  lt|_7  i.\W(  Memo 

Ree  71(1  6.,-77.  puhliiaiion  l  NCI  ASSII  II  IU 

~  ' . ■  I  lleet  oi  Rami  Odor  on  Sidewinder  leni/ii  ratlin  e  In  |i.  M  Ryan.  (  lima  lake.  <4  \W  (  -  \unu\t 

1977  ( NWC  Memo  Ree.  7161  -48-77.  pub  Ik  a  lion  1  NCI  ASSII  -  II  IU 

1 . .  Tewiierattire  of  Suit  \\  mJt  r  f  UM-Vl.t  \h\sih  in  O/ten  fh  sen  Storaite.  In  M  I).  Ilcrr  ami  II  M  Ryan. 

China  I  akc.  C  A.  NWC.  September  1979  1  NWC  I  M  4024.  publication  l'N<  I  ASSII  II  IU 
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function  ol  the  ambient  air  temperature  plus  20  I  (q.|(nl  -  <j('l  +  2()pf.  where  n  is  the 
Stefan-Bolt/man  constant  and  the  temperature.  I  .  k  in  absolute  units).  Other  more  sophisti¬ 
cated  relations  have  been  assumed  lOri|.|I|n  but  this  simple  one  has  proven  adequate 

I’he  vliurn.il  variation  of  solar  radiation,  ambient  air  temperature,  and  wind  speed  are 
taken  from  \1 1 L-STD-2  I  OB  <  loot  note  10.  I  able  i.  p.  45 ).  When  comparisons  w  ith  experiment 
are  made  (as  has  been  done  to  verify  the  techniques),  the  actual  values  for  the  day  are  used 
in  the  computation.  1  or  the  extreme  temperature  calculation,  the  10  risk  is  used  for  two 
reasons: 


1.  The  calculation  has  mail)  uncertainties,  so  an  extreme  atmosphere  is  used  to 
partiallv  compensate. 

2.  Storage  usually  takes  place  over  a  comparatively  long  elapsed  time,  so  there  is 
more  opportunity  for  encountering  the  low  percentage  risk. 

The  IN  risk  values  of  ambient  air  temperature  and  solar  radiation  as  a  function  of 
time  ol  day  are  shown  in  Figure  7  and  listed  in  Table  4.  There  is  some  argument  as  to  the 
legitimacy  of  using  extremes  of  both  temperature  and  solar  radiation  in  the  same  calcula¬ 
tion.  since  they  do  not  necessarily  occur  simultaneously  . 

In  addition  to  the  simplifying  assumptions  described  above,  the  calculation  is  one¬ 
dimensional.  No  sun  angles  are  assumed  for  heating  variations,  and  missile  exposed  areas  are 
adjusted  to  compensate  for  the  one-dimensional  analysis.  The  results  of  an  analysis  using 
MIL-STD-2  I0B  diurnal  temperature  and  solar  radiation  variations  are  shown  in  Figure  8. 
The  maximum  skin  temperature  reached  by  the  gray  painted  item  is  about  lo5°!;  and  by 
the  white  painted  item,  about  I25°F.  Due  to  the  thermal  masses  and  slow  heating  variations, 
the  maximum  temperatures  vary  insignificantly  for  various  missile  components.  The  shape 
of  the  curve  and  the  maximum  temperatures  achieved  also  vary  insignificantly  over  a  2-day 
period. 

Extensive  experimental  temperature  measurements  and  calculations  for  an  air-to-air 
missile  in  open  storage  have  been  reported  (footnote  2  I ).  In  selecting  a  day  to  compare  with 
experiment  one  would  tend  to  choose  a  cloudless  day  with  minimum  wind  and  low  humidity . 
Two  such  comparisons  are  shown  in  Figure  9  for  two  different  days  when  the  maximum 
solar  radiation  was  about  200  Btu/ft— hr  and  the  maximum  ambient  air  temperature  was 
I08°F  on  one  day  and  92° F  on  the  second  day.  In  view  of  the  simplifying  assumption  made 
in  the  analy  sis,  the  agreement  is  quite  good.  Comparisons  of  this  ty  pe  also  serve  to  validate 
the  analytical  model. 

Fxperimental  data  have  show  n  the  surface  on  (or  over)  which  the  missile  is  stored  has 
negligible  influence  on  the  temperature.  When  a  missile  is  mounted  under  an  aircraft  wing, 
the  effects  may  be  less  severe  since  the  aircraft  wing  may  shade  the  missile  dm  mg  part  of 
the  day.  Wing-tip-mounted  missiles,  however,  might  be  continuously  exposed  to  the  sun.  Also, 
of  course,  open  storage  is  more  severe  than  any  kind  of  covered  storage  ( unless  a  white  missile 
is  stored  in  a  gray  container  or  building). 
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I  A  HI  1  4.  Mil  -S  FD-2  IOB  1 '  \  Risk  Values  of  Diurnal  Variation  of  Ambient 
Air  Temperature  and  Solar  Radiation. 


l  ime  of 
da\ . 
hours 

Ambient  air 
temperature. 

°!  l°C) 

Solar 

radiation. 

Btu/hr  I  t-  ( L  ph ) 

01 

‘>5 

<55  > 

0 

(0) 

02 

‘>4 

<34 » 

0 

(0) 

03 

93 

(34) 

0 

(0) 

04 

92 

<33) 

0 

(0) 

05 

91 

(33) 

0 

(0) 

06 

90 

(32) 

18 

(5) 

07 

91 

(33) 

85 

(23) 

08 

95 

(35) 

160 

(43) 

09 
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(38) 

231 

(63) 

10 
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(41) 
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(79) 

1  1 

1 10 

(43) 
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(90) 

12 
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(44) 

355 

(96) 
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1  16 

(47) 
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14 
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(48) 
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(90) 

15 
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(48) 
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(79) 

1 6 
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(49) 
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(63) 

17 
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(48) 
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(43) 

18 
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(48) 
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(23) 
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(46) 

18 

(5) 

20 
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(42) 

0 

(0) 

21 
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(41) 

0 

(0) 

22 
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(39) 

0 

(0) 

23 

100 

(38) 

0 

(0) 

24 

98 

(37) 

0 

(0) 
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TIME  OF  DAY,  HOURS 

FIGURE  8.  Calculated  Skin  Temperatures  Acliievcd  in  Open  Storage  on  a  1%  Hot  Day. 


TIME  OP  DAY,  HOURS 

FIGURE  9.  Measured  and  Calculated  Storage  Temperatures. 
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In  summary,  the  initial  hot  soak  temperature  for  a  captive  flight  missile  is  assumed  to 
be  130°F.  This  temperature  is  not  the  maximum  achievable  but  is  believed  to  be  a  realistic 
extreme  due  to  the  rarity  of  the  17f  hot  day  combined  with  extreme  storage  conditions  and 
the  time  involved  for  a  complete  soak  of  the  missile.  For  the  cold  extreme,  a  temperature 
soak  is  selected  which  is  similar  to  the  minimum  ambient  air  temperature  that  is  consistent 
with  the  ground  level  temperature  of  the  atmospheric  profile  being  used  for  the  captive  flight 
thermal  calculations. 


CAPTIVE  FLIGHT  ENVIRONMENT 


The  captive  carry  portion  of  the  life  cycle  of  a  weapon  system  is  a  most  important 
phase  in  the  thermal  exposure  of  the  weapon.  Yet  probably  the  greatest  uncertainties  in  the 
determination  of  aerothermal  environments  are  in  the  definition  of  a  realistic  flight  environ¬ 
ment  while  the  missile  is  being  carried  aboard  an  aircraft.  The  extreme  conditions  arc  repre¬ 
sented  by  the  operational  envelope  of  the  aircraft  of  interest  in  a  clean  configuration  (no 
stores).  This  envelope  gives  the  maximum  and  minimum  Mach  numbers  as  a  function  of 
altitude.  Recovery  temperatures  computed  from  the  envelope  using  the  MIL-STD-2 1  OB  hot 
and  cold  ambient  air  temperatures  will  represent  the  thermal  extremes  experienced  by  the 
missile  in  captive  flight.  Although  this  is  a  simple  way  of  estimating  the  captive  flight  tempera¬ 
ture  envelope  of  the  missile,  the  values  can  be  considerably  more  extreme  than  those  experi¬ 
enced  in  actual  use.  The  drag  and  weight  of  external  stores  have  a  major  effect  on  the  aircraft 
performance  envelope,  as  does  the  atmospheric  temperature.  The  effect  of  temperature  on 
maximum  Mach  number  can  be  such  that  at  high  altitudes,  higher  recovery  temperatures 
will  occur  under  cold  atmosphere  conditions  than  under  hot  conditions.  All  of  these  circum¬ 
stances  as  well  as  the  design  mission  of  the  weapon  system  must  be  considered  in  the  selec¬ 
tion  of  a  captive  (light  environment  from  which  to  calculate  the  thermal  state  of  the  store 
at  launch. 

A  convenient  technique  for  estimating  the  extreme  temperatures  a  store  might  experi¬ 
ence  is  to  calculate  the  recovery  temperature  based  on  turbulent  flow  conditions.  This 
temperature  is  the  equilibrium  temperature  that  would  eventually  be  achieved  due  to  aero- 
dy  namic  heating  only;  that  is.  in  the  absence  of  radiation  and  active  healing  or  cooling.  Radi¬ 
ation  effects  are  negligible  in  the  typical  captive  flight  condition.  Captive  flight  times  are 
long  enough  that,  except  for  maximum  Mach  number  flight,  it  is  not  unreasonable  to  assume 
the  skin  of  the  store  can  reach  recovery  temperature.  The  internal  response  of  the  store, 
however,  would  lag  recovery  (or  skin)  temperature  in  a  way  dependent  upon  the  thermal 
characteristics  of  the  store.  In  its  simplest  form,  recovery  temperature  is  a  function  of  Mach 
number  and  altitude  (ambient  air  temperature)  only  and  is  the  temperature  that  the  skin 
would  approach  asymptotically  if  Mach  number  and  altitude  conditions  were  maintained 
long  enough: 


lr  =  TJ  I  +  0.178  M-) 
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where  M  in  t  ho  Mach  number  and  is  the  ambient  air  temperature  (in  degrees  Ranh  me  or 
Kelvmi  at  the  partieular  altitude  Thus  the  recovery  temperature.  Tr.  is  known  in  terms  of 
the  flight  profile  only  when  the  atmosphere  is  known.  1  or  convenience,  recovery  tempera¬ 
ture  jn  a  function  of  altitude  and  Mach  number  is  presented  in  Figures  10,  11.  and  1  2.  Three 
atmospheres  are  used,  the  standard  (Figure  10).  the  10'-’  cold  (Figure  1  1).  and  the  10  '  hot 
(Figure  12)  It  should  he  kept  m  mind  that  the  atmospheres  used  for  Figures  i  1  and  12  are 
envelopes  of  extremes. 

A  recovery  temperature  envelope  that  might  be  generated  for  a  missile  carried  on  hoard 
a  typical  lighter  aircraft  is  shown  in  Figure  15.  Che  curves  on  the  right  represent  the  design 
speed  limit  The  curves  on  the  left  represent  the  (’[  j  (near  stall)  condition  at  the  lower 
altitudes  and  the  engine  limit  at  the  higher  altitudes.  The  horizontal  dashed  line  is  the  clean, 
no  fuel  service  ceiling,  l  he  various  lines  as  labeled  are  recovery  temperature  values  ioi  the 
standard  atmosphere  and  envelopes  of  recovery  temperatures  for  Mil. -STD-2  I  OB  10'.'  risk 
hot  and  cold  day  extremes.  Fsmg  this  graph  the  designer  might  think  it  necessary  to  design 
the  missile  to  be  carried  on  this  aircraft  for  temperature  extremes  between  -  751  and  +450l'F. 
But  further  consideration  should  be  given  to  the  practicality  of  these  numbers  as  well  as  the 
probability  of  occurrence. 

The  performance  figures  shown  in  Figure  15  are  the  maximum  performance  data 
from  the  airplane  manual.  The  effect  on  performance  due  to  the  additional  weight  and  drag 
of  stores  is  not  considered.  As  an  obvious  example  of  an  unrealistic  condition,  the  service 
ceiling  of  a  clean  aircraft  with  no  fuel  represents  a  situation  not  encountered  in  real  life  I  he 
atmosphere  also  has  a  direct  effect  on  performance,  and  extreme  atmospheric  temperatures 
will  modify  the  performance  of  the  aircraft  so  should  not  be  applied  to  standard  day  perfor¬ 
mance  figures.  Also  not  included  in  Figure  15  is  the  effect  of  time,  which  is  dependent  on 
fuel  load,  mission,  tactics,  etc.  The  recovery  temperature  can  represent  the  maximum  skin 
temperature,  but  the  internal  temperatures  are  dependent  on  the  configuration  and  material 
properties  of  the  store  and  the  time  required  to  transfer  the  heat  internally  .  Aircraft  spend 
very  little  of  their  lifetime  at  or  near  the  boundaries  of  their  operational  envelope.  When  this 
fact  is  combined  with  the  percentage  risk  of  the  Mil  -STD-2  1 0B  atmospheric  lempei.it tires, 
the  probability  of  occurrence  of  the  extreme  recovery  temperatures  becomes  exceedingly 
low.  It  might  seem  appropriate  to  design  to  these  extremes  for  added  conservatism,  but. 
with  the  exception  of  explosive  and  propulsion  components,  the  failure  of  which  amid  cause 
loss  of  life,  the  penalties  for  overdesign  are  excessive.  It  has  been  estimated  that  the  cost  of 
electronics  systems  doubles  for  every  IU°F  below  O  F  in  desired  capability.  Likewise,  a 
difference  of  a  few  degrees  in  maximum  design  temperature  can  mean  the  difference  betw  een 
no  insulation  requirements,  an  external  thermal  insulation,  passive  cooling  (heat  pipes),  or 
a  complex  and  expensive  active  cooling  system.  Also,  higher  design  temperatures  mean  more 
exotic,  high-cost  materials. 

The  effect  of  stores  on  maximum  speed  recovery  temperatures  is  shown  in  Figure  14 
for  a  typical  fighter  aircraft  Hying  in  standard  day  conditions.  The  clean  aircraft  can  reach 
speeds  that  could  generate  skin  temperatures  of  about  275°F  if  maintained  for  a  long  enough 
time.  Adding  missiles,  part  of  a  fighter's  combat  equipment,  reduces  this  temperature  to 
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FIGURE  1 1 .  Recovery  Temperature  as  a  Function  of  Altitude  for  Several  Mach 
Numbers -MIL-STD-21  OB.  10%  Cold  Day. 


FIGURE  12.  Recovery  Temperature  as  a  Function  of  Altitude  for  Several  Mach 
Numbers  -  MIL-STD-2!  OB.  10%  Hot  Dav 


FIGURE  13.  Recovery  Temperature  Envelope  for  Typical  Fighter  Aircraft. 
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jhout  230°F  Adding  fuel  tanks  perhaps  necessary  for  t he  tighter  to  reach  its  target  reduces 
the  recovery  temperature  still  further. 

A  typical  effect  of  atmospheric  temperatures  on  aircraft  maximum  performance  capa¬ 
bilities  and  resultant  recovery  temperatures  is  shown  in  Figure  15.  The  maximum  Mach 
number  is  shown  in  the  figure  on  the  left-hand  side  with  the  solid  line  tor  a  standard  day.  as 
is  usually  presented  in  the  airplane  flight  manual.  A  hot  day  can  reduce  this  maximum  Mach 
number  as  shown  by  the  dashed  line.  Similarly,  a  cold  day  can  increase  the  maximum  Mach 
number  as  shown.  The  corresponding  recovery  temperatures  are  shown  on  the  right-hand 
side  of  the  figure.  At  altitude  the  hot  day  recovery  temperatures  are  significantly  lower  than 
the  cold  day  recovery  temperatures. 

Minimum  captive  carry  temperatures  would  be  obtained  muter  high  altitude  cruise 
conditions  where  Mach  numbers  are  moderate  but  the  altitudes  are  high  enough  that  extreme 
cold  atmospheric  conditions  are  encountered.  Maximum  endurance  flights  usually  take  place 
at  more  moderate  altitudes  but  are  flown  at  very  low  Mach  numbers.  On  the  high  end  of  the 
temperature  scale,  maximum  Mach  number  Rights  are  usually  of  short  duration  and  can  be 
moderated  by  hot  atmospheric  temperature  conditions.  The  type  of  mission  determines  the 
flight  conditions  to  a  large  extent.  But  these  conditions  are  not  only  influenced  by  the  stores 
carried  and  atmospheric  temperature  as  described  above  but  also  by  pilot  technique.  A  pilot 
might  not  tend  to  fly  at  some  of  the  very  low  Mach  numbers  that  could  result  in  maximum 
endurance  because  it  is  not  comfortable  to  fly  an  airplane  at  low  speeds  which  may  be  near 
the  stalled  condition.  Also,  maximum  Mach  number  Rights  at  low  altitude  in  turbulent  con¬ 
ditions  can  be  a  punishing  experience  when  extended  for  any  length  of  time.  Fuel  usage  at 
high  Mach  number  flight  is  a  definite  limiting  factor  on  the  length  of  such  high  speed  condi¬ 
tions.  I  veil  w  hen  high  speed  Right  is  extended  by  in-flight  refueling,  it  is  necessary  to  slow 
down  during  the  refueling  process. 

An  example  of  the  discussion  given  above  can  be  seen  in  Figure  lb.  The  normal  coni¬ 
cal  operating  range  of  a  typical  attack  aircraft,  as  described  by  a  pilot  thoroughly  experienced 
in  the  aircraft,  is  shown  on  a  Mach  number-altitude  plot  The  cruise  anil  even  combat  con¬ 
ditions  are  well  within  the  maximum  and  minimum  speeds  as  described  by  the  pilot  (and 
confirmed  in  the  aircraft  operating  manual).  In  addition,  the  pilot  has  indicated  a  buffet 
speed  above  the  minimum  level  Right  speed  and  a  reduced  elevator  effectiveness  below  the 
maximum  speed. 

Figure  I  7  shows  the  performance  of  a  modern  l  ighter  aircraft  in  terms  of  altitude  and 
recovery  temperature.  The  performance  as  given  is  not  adjusted  for  temperature,  but  the  re¬ 
covery  temperature  (based  on  standard  day  performance)  is  calculated  for  a  standard  day.  a 
If)  i  cold  day.  and  a  10',)  hot  day.  One  must  first  remember  that  a  performance  envelope 
calculated  in  this  manner  is  actually  an  envelope  of  envelopes,  since  it  is  incorrect  to  assume 
the  It)',  hot  or  cold  atmosphere  tor  a  single  flight  of  varying  altitudes  The  circles  on  the 
right  in  the  figure  are  calculated  for  maximum  sustained  l-g  flight  fora  light-tomedium  air¬ 
craft  loading  It  is  theoretically  possible  to  show  these  conditions  for  an  altitude  that  actually 
exceeds  the  service  ceiling  of  the  aircraft  tor  the  difficult  to  achieve  clean,  no  fuel  condition! 
The  light,  medium,  and  heavy  loading  service  ceilings  are  still  lower.  An  important  factor  not 
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REGION  OF  REDUCED  LEVEL  FLIGHT 


FIGURE  16.  Typical  Attack  Aircraft  Operating  Range. 
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shown  on  this  figure  is  the  time  at  maximum  Mach  numbers.  The  recovery  temperatures 
shown  are  high,  but  the  flight  times  are  so  short  due  to  fuel  limitations  that  even  the  store 
skins  would  be  unlikely  to  achieve  these  high  temperatures. 

The  optimum  cruise  and  endurance  conditions  are  shown  on  the  left  side  of  the  figure 
for  the  same  three  atmospheres  and  the  three  weight  and  store  loading  conditions.  These 
theoretical  temperatures  are  very  low,  but  temperatures  below  -50° F  have  been  measured  in 
(light.  These  flight  times  are  long  enough  that  low  soak  temperatures  could  be  achieved  in 
the  airframe  and  electronics  components  but  not  the  warheads  and  rocket  motors  oflarger 
missiles.  It  is  necessary,  however,  to  examine  the  probabilities  concerned  with  extreme 
atmospheres,  mission  profiles,  and  modern  tactics.  The  heavy  condition  at  the  beginning  of 
a  flight  requires  a  lower  altitude  and  a  higher  Mach  number  than  later  in  the  flight.  The  light 
condition  would  be  minimum  fuel  (so  short  duration)  and  would  probably  occur  near  the 
end  of  a  flight  when  (under  wartime  conditions)  most  stores  would  probably  have  been 
launched. 

As  has  been  stated,  most  flying  time  in  a  modern  military  aircraft  is  spent  away  from 
the  extremes  of  the  operational  envelope,  particularly  the  high  altitude,  high  Mach  number 
*ide  of  the  envelope  A  statistical  tally  of  flight  hours  at  various  values  of  altitude  and  Mach 
number  is  shown  in  Figure  18  for  a  typical  fighter  aircraft.  Most  of  the  flight  hours  are 
flown  at  subsonic  speeds.  Minimum  temperatures  will  occur  during  subsonic  flight  at  high 
altitude.  Because  of  fuel  limitations,  supersonic  captive  flight  times  are  relatively  short,  as 
shown  by  the  frequency  diagram,  and  significant  internal  heating  of  most  missile  components 
does  not  occur.  A  worst  case  from  an  internal  heating  standpoint  can  he  high  subsonic  flight 
at  low  altitude  where  high  aerodynamic  heat  transfer  coefficients  and  long  flight  times  com¬ 
bine  with  relatively  high  recovery  temperatures  to  produce  a  severe  thermal  environment. 

As  implied  above,  the  mission  profile  and  the  tactics  employed  have  a  strong  influence 
on  the  store  temperatures  achieved  in  captive  carry.  Modern  tactics  are  in  a  changing  state 
ami  are  highly  classified,  but  it  is  generally  known  that  the  trend  is  toward  low  altitude,  high 
Mach  number  flight.  An  example  of  a  high  altitude  ingress  and  egress  deep  air  support  mis¬ 
sion  (or  a  currently  operational  attack  aircraft  is  shown  in  Figure  19  in  terms  of  recovery 
temperature  tor  the  three  atmospheres.  Once  again  it  must  be  kept  in  mind  that  the  use  of 
the  i  xtreme  atmospheres  at  varying  altitudes  makes  this  mission  profile  plot  an  envelope  of 
extremes  lor  this  mission.  The  cruise  out  condition  is  at  a  higher  Mach  number  and  lower 
altitude  than  the  lighter  cruise  back  condition,  with  resulting  lower  temperatures  for  the 
cruise  back  condition.  Also  the  high  speed,  low  altitude  portion  of  the  flight  is  for  a  very  ab¬ 
breviated  time  period.  Under  wartime  conditions,  stores  would  probably  be  launched  during 
this  portion  of  the  flight.  But  for  peace  time  conditions  and  even  some  wartime  conditions, 
the  return  (light  should  be  considered.  Figure  20  shows  a  recovery  temperature  history  for 
a  typical  fighter  aircraft.  The  decreasing  flight  times  as  recovery  temperatures  increase  are 
due  to  increased  fuel  consumptions  at  the  (light  conditions  that  generate  high  recovery 
temperatures. 

Another  very  specialized  captive  carry  condition  that  needs  to  be  considered  is  one  in 
which  stores  are  carried  on  multi-engine  V/STOL  aircraft.  Such  an  aircraft  creates,  in  the 
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FIGURE  20.  Recovery  Temperature  History  -  Typical  Fighter  Flight  Profile 
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lift-off  process,  a  series  of  free  jets  which  impinge  the  ground  where  they  form  wall  jets. 
Under  certain  geometric  and  altitude  conditions,  these  wall  jets  can  meet  in  a  central  loca¬ 
tion  to  form  a  fountain  flow  which  returns  to  the  aircraft.  Depending  on  the  times  involved, 
as  well  as  the  engine  exit  nozzle  temperatures,  these  hot  gases  in  the  fountain  could  signifi¬ 
cantly  elevate  the  store  temperature.  A  sketch  of  this  complex  flow  field  is  shown  in  Figure  2 1 . 

Other  aerodynamic  conditions  that  should  be  considered  in  captive  flight  (and  free 
(light  also)  are  the  interference  effects,  one  of  the  most  serious  of  which  can  be  shock  im- 
pingment.  The  shock  from  the  launcher  or  adjoining  stores,  for  example,  can  impinge  upon 
the  missile  and  cause  surprisingly  large  local  increases  in  heating,  even  by  orders  of  magni¬ 
tude.  Much  work,  both  analytical  and  experimental,  lias  been  performed  on  interference 
heating,  but  accurate,  reliable  engineering  prediction  techniques  are  not  yet  available.  An 
example  of  some  experimental  work  taken  from  published  work22  is  shown  in  Figure  22. 
Tests  on  this  instrumented  store  in  captive  flight  have  shown  pressure  increases  in  the  vicin¬ 
ity  of  the  launcher  which  correspond  to  increases  in  heat  transfer  coefficient  of  over  twice 
the  undisturbed  value.  Other  interference  effects  include  corner  How  (in  the  vicinity  of  fins, 
fuselages,  etc  ),  protuberance  flow,  and  cavity  flow. 

The  task  of  predicting  the  thermal  environment  a  store  will  see  in  captive  flight  is 
complex  and  dependent  upon  forecasting  mission  profiles  and  predicting  probabilities  of 
many  intertwining  factors.  Calculating  the  thermal  response  of  a  store  during  a  known  flight 
is  an  easier  but  still  difficult  and  complex  task  in  interfering  flow  fields  or  at  angle  of  attack. 
Nevertheless,  moderate  success  has  been  achieved  in  this  regard  as  evidenced  by  correlation 
between  prediction  and  measurements.2  3  24 


FREE-FL1GHT  ENVIRONMENT 


Discussions  to  this  point  have  addressed  the  problem  of  determining  the  thermal  state 
of  the  store  at  launch.  The  captive  carry  portion  of  the  flight  determines  the  temperature 
distribution  of  the  missile  at  launch,  however,  free  flight  creates  the  most  severe  aerodynamic 
heating  and  tints  is  usually  of  primary  concern  to  the  thermal  analyst.  It  is  in  free  flight  that 
the  store  must  function  properly.  Excessive  temperatures  for  a  long  enough  period  of  time 
can  cause  failure  or  degradation  in  the  guidance  system,  propellant  or  warhead  and  result  in 
failure  of  the  mission.  At  the  other  extreme,  overdesign  due  to  excessively  severe  assumed  or 
calculated  environments  can  result  in  cost  overruns  or  even  inability  to  meet  performance 
requirements  necessary  to  successfully  accomplish  the  design  mission. 


22(  .  I  Mjrk.m.m  "I  Moin.il  Stun:  Procure  Oisti il'ulimi'-  Ibirinf!  Captive  I  lit-'ltt  Aboard  .in  I  -41)  Airirjtt."  Pro- 
scnicil  .it  AIAA  Sixth  Aerodynamic  Testin’!  Conference,  Vlareh  1**71.  (Paper  No.  "M-295,  puhliiuiion  l  NCI  \SSII  HIT) 

2  Naval  Weapons  Center.  Comparison  of  HARM  / 7)71  f  light  Test  and  \nal\ncal  Results.  In  K  M  K>an.  China 
Lake.  (  A.  NWC \  31  July  1978  i  NWC  Memo  Rev  316M6-78.  publication  CNC1  ASSI!  II  IT) 

. .  Assessment  of  the  Comparison  Between  HARM  f  PT\  blight  Pat  a  and  /* redictions .  In  IT  M.  K\aii. 

Chin;,  I  ake.CA.  NWC,  21  September  1978  i\\\(  Memo  Rce  3242-14-78.  publication  1  NCI  \SSII  II  IT) 
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FIGURE  22.  Peak  Pressures  and  Heat  Transfer  Coefficients  in 
Shock  Impingement  Regions. 
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I  Too- flight  aero  lieu  ting  a  Italy  sis  iscom  plicated  hv  the  fact  that  many  possible  t  rajectories 
must  be  analyzed  to  identify  specific  problem  areas  lot  various  components.  Trajectories  arc 
screened  for  those  producing  maximum  airframe  temperatures,  worst-case  combinations  ol 
temperatures  and  loads,  maximum  t  icrmal  stresses,  and  maximum  internal  temperatures. 
The  latter  was  not  an  important  factor  in  early  air-launched  missiles  because  flight  limes 
were  not  long  enough  to  cause  significant  internal  thermal  response.  Current  and  future 
planned  longer  range,  higher  speed  systems,  such  as  those  utilizing  ramjet  propulsion,  can 
create  major  internal  heating  problems.  At  the  present  time  there  is  no  systematic  way  of 
selecting  worst-case  trajectories  (in  combination  with  appropriate  atmospheres).  "Brute 
force"  methods  are  often  utilized  by  examining  individual  trajectories  or  by  the  slightly 
more  sophisticated  technique  of  comparing  a  large  number  of  trajectories  by  computer. 
This  is  still  a  brute  force  technique  made  easier  and  more  accurate  by  ever-increasing  com¬ 
puter  capabilities.  Perhaps  a  better  method  would  be  to  apply  optimization  or  variational 
techniques.  More  effort  is  needed  in  this  regard. 

As  in  captive  flight,  interference  effects  must  be  considered  in  free  flight.  In  this  re¬ 
gime  the  interference  can  come  from  other  parts  of  the  store.  Some  specific  interference 
problems  include  shock  impingement:  control  surface  interactions,  including  the  effect  of 
geometry  change:  corner  How  (intersection  parallel  to  the  fluid  How):  impinging  vortex 
due  to  both  shed  vortices  and  the  vortex  formed  by  shock  wave  intersections:  and  rota¬ 
tional  How  due  either  to  the  vortices  present  in  a  flow  caused  by  blunt  leading  edges  or  to 
the  vortical  layer  formed  behind  a  curved  shock.  A  description  of  these  problems  and  a 
survey  of  some  of  the  solutions  from  the  literature  have  been  published.25  Additional 
interference  problems  include  cavity  How.  general  separation.  How  around  protuberances, 
base  flow.  How  around  spikes,  wake  flow,  and  flows  containing  suction  and/or  injection. 
None  of  these  problems  has  been  solved,  and  extensive  further  effort  is  needed. 

Transition  is  another  complex  and  unsolved  problem  that  must  be  considered  in  any 
thermal  analysis.  The  change  from  laminar  heating  rates  to  the  higher  turbulent  heating 
rates  creates  lateral  gradients  in  the  transition  region,  but  more  important  are  the  higher 
gradients  through  the  wall.  Transition  is  particularly  important  as  it  affects  missile  seeker 
domes.  The  high  thermal  stresses  induced  by  transition  can  increase  the  probability  of 
thermostructural  failure  of  ceramic  lR/'EO  domes  and  radomes.  Resulting  thermal  gradients 
can  have  detrimental  effects  on  the  optical  and  electromagnetic  performances  of  seeker 
domes.  A  calculation  for  the  IR/TO  smooth  dome  case  is  shown  in  Figure  23.  The  plot  on 
the  left  shows  the  inner  wall  temperature  around  the  dome  from  the  stagnation  point  aft. 
One  calculation  is  for  all  laminar  flow  and  the  other  is  for  transition  about  30  degrees  back. 
Corresponding  values  for  stress  around  the  dome  arc  shown  in  the  plot  on  the  right-hand 
side  of  the  figure.  This  stress  at  transition  would  be  enough  to  break  the  dome. 

In  order  to  determine  if  a  problem  existed  for  this  particular  dome,  a  flight  test  was 
conducted  in  which  the  inner  wall  temperature  distribution  of  the  dome  was  measured  in 


2 'Naval  Weapons  (inter  Summon  ol  I  he  AcrothinnoJyiiomH  Interjeremi  I  iltraliirt .  In  It  M.  R\  an.  China  1  ake. 
(  A  \W(  .  April  1969  (NWC  TN  4061-160.  publication  CNCLASSl!  II  l>.) 
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FIGURE  23.  Effect  of  Boundary  Layer  Transition  on  Inner  Wall  Temperature  and  Stress. 
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five  flight  Hie  flight  conditions  were  used  to  calculate  the  temperature,  assumme  both 
an  all-laminar  boundary  layer  and  a  transitional  boundary  layer.  The  results  are  shown  in 
Figure  24.  The  test  data  correlated  vv  ith  the  all-laminar  calculation  and  indicated,  at  least  tor 
this  ease,  that  transition  did  not  occur  on  the  dome. 

Because  of  these  questions  and  because  the  flight  test  applied  to  only  one  restricted 
ease,  a  rather  extensive  investigation  was  initiated  to  develop  engineering  techniques  to  pre¬ 
dict  the  location  and  extent  of  transition  on  IK  FO  hemispherical  domes.1''  1  iterature  cov¬ 
ering  in-depth  investigation  of  this  long-standing  problem  was  studied,  but  no  existing  solu¬ 
tion  was  found.  However,  some  relevant  conclusions  were  icachcd.  It  is  now  generally  recog¬ 
nized  that  transition  in  ground  test  facilities  is  dominated  by  noise,  and  such  data  cannot 
presently  be  used  to  predict  transition  in  flight.  I  nough  flight  information  exists,  however, 
that  when  it  is  combined  with  intuition,  one  may  conclude  that  transition  probably  does  not 
occur  on  smooth,  hemispherical  domes  of  moderate  diameter  (say .  less  than  5  inches)  m  the 
Mach  number  range  to  about  mid-supersonic.  It  is  believed  that  transition  on  a  smooth 
dome  would  take  place  at  the  shoulder  where  the  boundary  lay  er  would  be  tripped  by  the 
changing  geometry.  On  a  radome  which  does  not  have  the  highly  polished  surface  ol  an  1R 
dome,  the  entire  surface  would  probably  have  turbulent  flow  ,  especially  on  configurations 
which  have  a  rain  erosion  tip  on  the  nose.  Thus,  it  is  currently  believed  that  the  high  thermal 
gradients  associate'll  with  transition  are  not  a  problem  for  current  or  near-future  missiles. 

The  conclusion  of  this  investigation  (not  to  use  transition  results  from  general  facili¬ 
ties  to  predict  transition  in  flight)  was  recently  reinforced  by  two  papers  reporting  on  many 
years  of  effort  in  transition  studies.  Both  these  efforts  are  concerned  with  sharp  cones, 
but  the  conclusions  may  apply  at  least  in  a  general  sense  to  other  configurations. 

Pate2  7  reported  on  a  long-term  study  relating  wind  tunnel  disturbances  to  boundary 
layer  transition.  His  major  conclusion  is: 

"Experimental  studies  have  shown  that  free  stream  disturbance  intensities 
present  in  subsonic-transonic-supersonic-hypersonic  wind  tunnels  have  a  domi¬ 
nating  effect  on  boundary-layer  transition  on  simple  geometries." 

Dougherty  and  Fisher28  took  a  10-degree  sharp  cone  that  had  been  tested  in 
23  wind  tunnels  and  made  careful  flight  measurements  on  it  to  define  transition  locution. 
Comparisons  were  made  with  the  wind  tunnel  results,  and  marked  differences  were  found. 


2fiNaval  Weapons  (  enter.  Boundary  lava  Transition  Data  With  Tntphusison  [pplualton  to  WissihSct  to  s. 

by  B.  M.  R>  an.  China  Lake.CA.  NWC.  December  1975.  (NWCTN  4061-178.  publication  I  NC1  \SSI1  II  D.) 

27S.  R.  Pate.  “I  fleets  of  Wind  Tunnel  Disturbances  on  Boundary -l  aver  Transition  with  I  tnpbasis  on  Radiated 
Noise:  A  Review.*'  Presented  ;it  AIAA  I  levcnlh  Aerodynamic  Testing  Conference.  Colorado  Sprints.  CO.  18-20  March  1980. 
(AIAA  Paper  80-0431,  publication  UNCLASSIFIED.) 

28N.  S.  Dougherty,  Jr.,  and  D  I  .  Fisher.  “Boundary  Layer  Transition  on  a  10-Decree  Cone  Wind  Tunnel  I  light 
Data  Correlation.”  Presented  at  AIAA  Eighteenth  Aerospace  Sciences  Meeting.  Pa sadena.  C A.  14-16  January  1980.  (  AIAA 
Paper  80-0154.  publication  UNCLASSIFIED.) 
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600  MACH  1.8  LAUNCH  AT  42,000  FEET 


FIGURE  24.  IR  Dome  Inner  Wall  Temperature  Distribution. 
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SUMMARY  AND  RLCOMMLNDATJONS 


An  overview  Inis  been  presented  on  the  General  philosophy  and  teelinuiues  in  use  at 
WVC  lor  determination  of  the  thermal  environment  which  is  fundamental  to  ihcacrothcr- 
modv  namic  analyses  ol'  air-lauiKhed  missiles.  The  storage  environment  van  he  predieted 
with  confidence  it  the  storage  conditions  are  known.  More  information  on  individual  weap¬ 
ons  is  needed  with  respect  to  their  storage  location  and  the  conditions  of  loading  onto  the 
aircraft  prior  to  flight.  The  captive  flight  environment  as  it  relates  to  earn  mg  aircralt  per¬ 
formance  has  been  well-character a/ed  tor  current  airplanes  Inn  needs  to  be  published  as  a  de¬ 
tailed  handbook  which  can  be  updated  as  uddpionul  information  is  available.  More  effort  is 
needed  in  determining  nonstandard-day  performance  of  these  aircraft  with  stores.  I  urthet 
data  on  mission  profiles  and  tactics,  including  hours  flown,  is  required  in  order  to  define 
more  realistic  aerothermul  environments  for  stores.  When  the  environment  is  known,  the 
ability  to  get  good  correlations  between  analysis  and  experiment  has  been  demonstrated 

The  most  important  part  of  the  aerolhermai  environment  discussed  in  this  overview 
is  the  tree-flight  portion.  Hie  most  severe  heating  takes  place  m  tins  regime  particularly 
m  application  to  advanced  sv  stems.  As  in  the  case  of  captive  flight  heating,  the  critical  phase 
is  in  selecting  the  atmosphere  and  flight  profiles.  A  systematic  technique  for  selecting 
worst-case  flight  trajectories  should  be  developed  Some  of  ihe  possible  thermal  problems 
encountered  in  free  flight  have  been  discussed,  but  more  effort  needs  to  be  extended  in 
determining  the  seriousness  of  these  problems  and  others  that  may  be  present.  With  this 
knowledge,  the  thermal  protection, 'control  requirements  can  be  determined. 
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NOMENCLATURE 


L-max 
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T 


Maximum  lift  coefficient 

Height  dependent  acceleration  of  gravity 
g0  at  sea  level  =  9.80665  m/s- 
=  32.1741  ft/sec- 


(ieopotential  altitude 


L 


Note:  (ieopotential  altitude  is  used  in  this  report  (and  in  thermodynamic 
calculations).  For  an  explanation  see  References  2  and  5.  The  dif¬ 
ference  between  the  two  altitudes  is  less  than  1/257  at  100,000  feet 
but  increases  with  altitude. 

Heat  transfer  coefficient  (Btu/hr-ft-  °F) 

Boltzmann  constant  =  1.380622  x  10*--*  N-rn/K 
=  1.832930  x  10*--*  ft-lb/°R 

Constant  mean  molecular  weight 

Mach  number 

Avogadro  constant  =  6.022169  x  10-**  (kg-mol)*' 

=  2.73179  x  10-6  (Ib-niol)*1 

Total  pressure.  P0  at  sea  level  =  1  013250  \  101*  Pascal  (N/m) 

=  2116.217021  lb/ft- 

Prandtl  number  (usually  about  0.71  for  air) 

Atmospheric  radiation  (Btu/hr  ft-) 

Solar  radiation  (Btu/hr  ft-) 

Universal  gas  constant  =  8.31432  x  10*-*  N  m/(k  mol-°K) 

=  1545.31  ft-lb/db  mol-°R) 


Recovery  (actor  , 

r*  vft: 

Ivrr. 


stagnation  point 
laminar  How 
turbulent  How 


Effective  earth  radius  =  6356.760  km 
=  3949.9 1 1  st  mi 


Sutherland  constant  =  1  10  K 

=  198.72  °R 

Total  temperature.  T0  at  sea  level  =  288. 1 5  K  =  1 5°C 

=  518.67  °R  =  59° E 
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Tamli  Ambient  air  temperature  (absolute  units  for  recovery  temperature  calculation) 

•"y  _  1  ^ 

Tr  Recovers  temperature  =  Tanih  ( I — —  rM-> 

^skin  Skin  temperature 

/  (ieometrie  altitude 

»L  Long  wave  absorptivity  (usually  selected  as  0.9) 

us  Solar  absorptivity  (usually  about  0.25  lor  white  painted  surfaces.  0.6  to  0.8  for 
gray  painted  surfaces  and  1  for  black  surfaces) 

(i  Another  Sutherland  constant  =  1 .458  x  10^  kg/(s-ni -K^) 

y  Ratio  of  specific  heat  of  air  at  constant  pressure  to  specific  heat  of  air  at  con¬ 

stant  volume  =  1 .400 

e  Fmissivity  (varies  with  surface  but  usually  taken  as  0.9) 

p  Total  density,  p0  at  sea  level  =  1.2250  kg/nt3 

=  0.076474  lb/ft3 

o  Mean  effective  collision  diameter  =  3.65xl0'*0m 

=  1.1975  x  10'9  ft 

a  Stefan-Boltzmann  constant  =  0.1714  x  10'8  Btu/hr  ft-  °r4 
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AF/SAG  ( 1 ) 

AF/RD  ( I ) 

AF/RDC  ( 1 ) 

AF/RDPS,  Allen  Taffy  ( I ) 

AF/RST  ( 1 ) 

AF/XO  ( 1 ) 


AS/DASJL  ( 1 ) 

ASCC/MC  (1) 

CCN(l) 

RDQF(l) 

SAFAL(l) 

XOORC ( 1 ) 

XOORE(l) 


1  Air  Force  Logistics  Command,  Wright-Pattcrson  Air  Force  Base  (Technical  Library) 

2  Air  Force  Systems  Command,  Andrews  Air  Force  Base 

AFSC/WFR.  Finley  (1) 

Technical  Library  ( 1 ) 


I  Strategic  Air  Command,  Offult  Air  Force  Base  (Technical  Library) 

1  I  act ical  Air  Command,  Langley  Air  Force  Base  (Technical  Library) 

2  Aeronautical  Systems  Division,  Wright -Patterson  Air  Force  Base 

ASD/ENFFE,  Letton(l) 


ASD/WF,  I  t,  Knipp(l) 

1  Air  Force  Acquisition  Logistics  Division,  Wright-Pattcrson  Air  Force  Base  (Technical  Library) 
1  Air  Force  Armament  Division.  Eglin  Air  Force  Base  (AD/SDES-P,  Dr.  Orr) 
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1 1  Air  Force  Armament  Laboratory,  tglin  Air  Force  Bast 

AFATL/102  (I )  AFATL/SD.MD 

AF ATL/AW  ( 1 )  AFATL/SD4  ( 1 ) 

AFATL/DL  ( 1 )  AFATL'SDR  <  1 ) 

AFATL/DLJC.  T.  Durrenburger  ( 1 )  AFATL/SDL  ( I ) 

AFATL/SD  ( 1 )  Technical  Library  ( 1 ) 

AFATL/SD2  ( I ) 

2  Air  Force  Cambridge  Research  Laboratories,  llansconi  Air  Force  Base 
Code  LK1,  P.  Tattleman  ( I ) 

Technical  Library  (1) 

1  Air  Force  Flight  Test  Center.  Edwards  Air  Force  Base 
I  Air  Force  Office  of  Scientific  Research  (Dr.  J.  F.  Masi) 

1  Air  Force  Rocket  Propulsion  Laboratory.  Edwards  Air  Force  Base  (Technical  Director) 

I  Air  Force  Rocket  Propulsion  Laboratory.  Edwards  Air  Force  Base(RKMA.  L.  Meyer) 

1  Air  Force  Rocket  Propulsion  Laboratory.  Edwards  Air  Force  Base  (Dr.  Trout) 

1  Air  Force  Rocket  Propulsion  Laboratory.  Edwards  Air  Force  Base  (  Technical  Library) 

I  Air  Force  Wright  Aeronautical  Laboratories.  Wright-Patterson  Air  Force  Base  (AFWAL/AA) 

1  Air  Force  Wright  Aeronautical  Laboratories.  Wright-Patterson  Air  Force  Base  (AFWAL/F1) 

1  Air  Force  W  jit  Aeronautical  Laboratories.  Wright-Patterson  Air  Force  Base  ( AFWAL/FTF.) 

I  Air  Force  Wright  Aeronautical  Laboratories.  Wright-Patterson  Air  Force  Base  (AFWAL/FIMG. 

R.  D.  Neumann) 

I  Air  Force  Wright  Aeronautical  Laboratories.  Wright  Patterson  Air  Force  Base  (AFWAL/'MLPJ.  J.  Koenig) 

I  Air  Force  Wright  Aeronautical  Laboratories.  Wright-Patterson  Air  Force  Base  (Head.  Research  and 

Technology  Division) 

I  Air  Force  Wright  Aeronautical  Laboratories.  Wright-Patterson  Air  Force  Base  (Materials  Laboratory. 
Building  to  1 .  D.  Evans) 

1  Air  Force  Wright  Aeronautical  Laboratories.  Wright-Patterson  Air  Force  Base  (D.  Paul) 

I  Air  Force  Wright  Aeronautical  Laboratories.  Wright-Patterson  Air  Force  Base  (Technical  Library) 

I  Arnold  Air  Force  Base(DOTA,  J.  Raittpy) 

1  Edwards  Air  Force  Base  (NASA-FRC.  B  Quinn) 

2  Eglin  Air  Force  Base 

AMRAAM 

E.  Bradley  ( 1  ) 

A.  Fehrman  ( 1 ) 

2  Environmental  Technical  Applications  Center 
O.  E.  Richards  ( I ) 

Technical  Director  ( 1 ) 

Technical  Library  ( I ) 

1  Ciriffiss  Air  Force  Base  (RADC/RBER.  Moroney) 

2  Laurence  G.  llansconi  Field 

\FGI./LYT.  Grantham  ( 1 ) 

LSD, TOFT.  Malley  ( I ) 

1  Nellis  Air  Force  Base  (Technical  Library) 

1  Norton  Air  Force  Base  (BMO/WF .  Capl.  Grimm) 

2  Ogden  A i i  Materiel  Area.  Hill  Air  Force  Base 

Munitions  Safety  ( 1 ) 

Technical  Library  ( 1 ) 

2  Rome  Air  Development  Center,  Griffiss  Air  Force  Base 
Code  RCRM  (I) 

Technical  Library  ( I ) 

I  Sacramento  Air  Materiel  Area.  McClellan  Air  Force  Base 
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1  Scott  Air  Force  Base  (ETAC/ENL.  Richard) 

2  6510th  Test  Wing/TLG/STOP  236 

Dr.  R.  D.  Audley  (  I ) 

Capt.  J.  1  lodge  ( I ) 

1  Warner  Robins  Air  Materiel  Area  (WRNEB).  Robins  Air  Force  Base  (Technical  L  ibrary) 

5  Armanient/Munitions  Rerjuirenients  and  Development  ( AMRAD)  Committee  ( 2C550,  Pentagon) 

2  DL.A  Administrative  Support  Center  (Defense  Materiel  Specifications  ami  Standards  Office) 

J.  Allen  (I) 

D.  Moses  ( 1 ) 

3  Department  of  Defense,  Explosives  Safety  Board,  Alexandria 

3  Deputy  Under  Secretary  of  Defense  Research  and  engineering  (Acquisition  Policy) 

Director,  Materiel  Acquisition  Policy  (3EI44).  J.  A.  Mattino  ( 1 ) 

Standardization  and  Support  ( 2 A3 1 8),  Col.  T.  A.  Musson  (2) 

2  Deputy  Under  Secretary  of  Defense  Research  and  Engineering  (Research  and  Advanced  Technology) 

Director,  Engineering  Technology,  G.  R.  Makepeace,  3D1089  ( 1 ) 

R.  Thorkildsen  ( 1 ) 

1  Director.  Defense  Test  &  Evaluation  (Deputy  for  Test  Facilities,  W.  A.  Richardson.  3DI043) 

12  Defense  Technical  Information  Center 

3  Ames  Research  Center,  Moffett  Field,  CA 

H.  Goldstein,  MS  234-1(1) 

B.  Lockman  ( 1 ) 

J.  Marvin  (1) 

2  George  C.  Marshall  Space  Flight  Center 

E.  Brewer  (1) 

J.  Warntbrod,  ED  33  (1) 

2  Langley  Research  Center 

C.  Johnson,  FDB/STAD(1) 

B.  Stallings,  MS  409(1) 

1  Lyndon  B.  Johnson  Space  Center  (W.  Goodrich,  LS  35) 

2  ARO,  Incorporated,  Arnold  Air  Force  Station,  TN 

VKF/ADP 

R.  K.  Matthews  ( 1 ) 

L.  L.  Trimmer  ( 1 ) 

1  AVCO  Manufacturing  Corporation.  Wilmington,  MA  (T.  Todisco) 

1  Beech  Aircraft  Corporation.  Wichita,  KS  (W.  M.  Byrne.  Jr..  Project  Engineer  -  HAST) 

2  Calspan  Corporation,  Buffalo.  NY 

M.  Holden  ( 1 ) 

C.  Whittliff(l) 

2  General  Dynamics  Corporation.  Convair  Division,  San  Diego,  CA 

B.  F.  North  (1) 

A.  B.  Walburn  ( I ) 

3  General  Dynamics  Corporation.  Pomona  Division.  Pomona.  CA 

F.  R.  Frederick  ( 1 ) 

D.  Roberts!  I ) 

R.G.  Shook  (!) 

1  General  Electric  Company,  Philadelphia.  PA  (D.  Nestler) 

2  Hughes  Aircraft  Company,  Canoga  Park.  C A 

K.  K.  Hayashida  ( I) 

D.  Morton  ( 1 ) 
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2  Johns  Hopkins  University,  Applied  Physics  Laboratory,  Laurel,  MD 

L.  B.  Weckesser(l) 

D.W.Conn(l) 

1  Lockheed  Aircraft  Corporation,  Huntsville,  AL  (B.  Dean) 

1  Lockheed  Missiles  &  Space  Company,  Sunnyvale,  CA  (D.  Burnett) 

1  Martin  Marietta  Corporation,  New  Orleans,  LA  (H.  Carroll,  Michaud  Operations) 

2  Martin  Marietta  Orlando  Aerospace,  Orlando,  FL 

J.  Gonzales,  MP-129  ( 1) 

C.  Waugh  (1) 

1  McDonnell  Douglas  Corporation,  Long  Beach,  CA  (J.  B.  Hoffman,  Department  CL-253, 

Mail  Code  3541) 

3  McDonnell  Douglas  Corporation,  St.  Louis,  MO 

D.  W.  Boekemeier  (1) 

E.  Eiswirth(l) 

H.  Kipp,  Department  E  242,  Bldg.  106  (1) 

2  Motorola,  Inc.,  Scottsdale,  AZ 

G.  Gardiner  ( 1) 

D.  Norris  (1) 

1  Ohio  State  University,  Columbus,  OH  (Professor  s.  L.  Petrie.  Aero,  and  Astro.  Research  Laboratory) 
1  Raytheon  Manufacturing  Company,  Missile  Systems  Division,  Bedford,  MA  (A.  Leach, 
Thermophysics  Department) 

1  REMTECK  Incorporated,  Huntsville,  AL  (Dr.  C.  Engel) 

1  Rockwell  International  Corporation,  Columbus,  OH  (Missile  Systems  Division.  B.  Evans, 

Department  161,  Group  435) 

4  Rockwell  International  Corporation,  Downey,  CA 

M.  Harthun(l) 

C.  Scottoline(l) 

S.  Waiter  (I) 

R.  R.  Watanabe,  D-750-300,  AC-78  (1) 

2  Sandia  Corporation,  Albuquerque.  NM 

Division  1333 
B.  Brake  (1) 

Dr.  K.  Purtz(l) 

1  Science  Applications,  Inc.,  Wayne,  PA  (A.  Martellucci) 

1  Stanford  University,  Stanford,  CA  (Dr.  R.  J.  Moffat,  Mechanical  Engineering  Department) 

2  Texas  Instruments,  Inc.,  Dallas,  TX 

H.  Barnard,  MS  96(1) 

D.  Purinton.  MS  327  (1) 

1  United  Technologies  Corporation,  Chemical  Systems  Division.  Sunnyvale,  CA  (P.  Meiia) 

1  University  of  Missouri.  Rolla,  MO  (H.  F.  Nelson,  Department  of  Mechanical  &  Aero.  Engineering) 

1  University  of  Texas,  Austin,  TX  (Dr.  J.  Bertin) 

3  Vought  Corporation.  Dallas.  TX 

Gas  Dynamics  Laboratory 
J.  M.  Cooksey  (I) 

J.  Medford  (1) 

G.  Wolfe,  Unit  2-30320(1) 


